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ABSTRACT  26 
Frost, during reproductive developmental stages, especially post head emergence frost 27 
(PHEF), can result in catastrophic yield loss for wheat producers. Breeding for improved 28 
PHEF tolerance may allow greater yield to be achieved, by (i) reducing direct frost damage 29 
and (ii) facilitating earlier crop sowing to reduce the risk of late-season drought and/or heat 30 
stress. This paper provides an economic feasibility analysis of breeding options for PHEF 31 
tolerant wheat varieties. It compares the economic benefit to growers with the cost of a wheat 32 
breeding program aimed at developing PHEF tolerant varieties. The APSIM wheat model, 33 
with a frost-impact and a phenology gene-based module, was employed to simulate direct and 34 
indirect yield benefits for various levels of improved frost tolerance. The economic model 35 
considers optimal profit, based on sowing date and nitrogen use, rather than achieving 36 
maximum yield. The total estimated fixed cost of breeding program was AUD 1,293 million, 37 
including large scale seed production to meet seed demand, with AUD 1.2 million year–1 to 38 
run breeding program after advanced development and large scale field experiments. The 39 
results reveal that PHEF tolerant varieties would lead to a significant increase in economic 40 
benefits through reduction in direct damage and an increase in yield through early sowing. 41 
The economic benefits to growers of up to AUD 4,841 million could be realised from 42 
growing PHEF tolerant lines if useful genetic variation can be found. Sensitivity analyses 43 
indicated that the benefits are particularly sensitive to increases in fixed costs, seed 44 
replacement, discount rate, and to delays in variety release. However, the investment still 45 
remains viable for most tested scenarios. Based on comparative economic benefits, if 46 
breeders were able to develop PHEF tolerant varieties that could withstand cold temperatures 47 
–4°C below the current damage threshold, there is very little further economic value of 48 
breeding total frost tolerant varieties. 49 
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1. BACKGROUND 54 
 55 
In Australia, spring wheat is typically planted in autumn and harvested in early summer. 56 
Significant vegetative frost damage is sporadic in the Australian wheat belt (Frederiks et al. 57 
2004; 2012; Zheng et al., 2015). The risk of crop damage from post head-emergence frost 58 
(PHEF) is high in many areas. In these areas, planting is delayed to avoid flowering during 59 
the mid-winter peak frost-risk period.  PHEF losses in wheat can be catastrophic, with a 60 
single frost event having the potential to destroy individual crops by damaging stems and 61 
killing whole heads (Frederiks et al., 2012; Zheng et al., 2015). Although wheat yield losses 62 
due to frost are irregular, individual growers can suffer heavy losses in some years. Regional 63 
PHEF yield losses commonly occur 10% of the time (Frederiks et al. 2004; 2012; Zheng et 64 
al., 2015), but financial losses in excess of 85% have also been observed in certain seasons in 65 
particular areas of the USA and Australia (Paulsen and Heyne, 1983; Boer et al., 1993). 66 
Therefore in frost prone regions, management of crop flowering date by selecting variety 67 
phenology for particular sowing opportunities is necessary to maintain an acceptable frost 68 
risk (Frederiks et al., 2004). 69 
 70 
In PHEF-prone regions, wheat producers manage frost risk by adopting a conservative 71 
sowing time and variety choice. However, while sowing time can be adjusted to reduce the 72 
risk of post-heading frosts, all current elite wheat cultivars are sensitive to post-heading 73 
frosts. Thus, frost risk management places significant constraints on sowing time flexibility 74 
and variety choice (Zheng et al., 2015). In PHEF-prone areas, delayed sowing to manage 75 
frost risk often reduces yield potential by exposing crops to increased risks of drought and 76 
heat stress late in the crop development cycle (Zheng et al., 2012; Chenu et al., 2013).  77 
Breeding for improved PHEF tolerance would allow greater yield to be achieved, as (i) direct 78 
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frost damage could be reduced and (ii) crops could be sown earlier to reduce the risk of late-79 
season drought and heat stresses. Substantial increases in yield, in the order of 30–50%, has 80 
been observed in Australian PHEF-prone regions in seasons when early flowering cereal 81 
crops escaped frost damage (Frederiks et al., 2011). 82 
 83 
Crop simulation modelling combined with climate analysis indicates that PHEF tolerant 84 
varieties would reduce direct frost damage, and would increase yield by allowing early 85 
sowing (Zheng et al., 2015).  It is useful to evaluate the investment opportunities for various 86 
levels of PHEF tolerance. In this study we estimate the economic benefits to growers of 87 
reducing PHEF losses if varieties with various levels of improved frost tolerance could be 88 
developed using conventional breeding methods. The aim is to examine whether the cost of 89 
developing PHEF tolerant wheat varieties could be justified by national economic benefit to 90 
growers.  91 
 92 
 93 
Using a combination of crop simulation modelling and climate analysis, predicted economic 94 
losses due to frost damage were compared between current cultivars and hypothetical frost 95 
tolerant varieties with tolerance to a range of damage threshold temperatures from –1oC to –96 
5oC below those of current cultivars.  A hypothetical variety with tolerance to unlimited cold 97 
temperatures was also examined.  Benefits to the wheat industry are specified as a function of 98 
the size of the crop production improvement that can be achieved with improved PHEF 99 
tolerance. The economic benefits of a PHEF tolerant breeding program were measured by the 100 
aggregated improvement in farm gate returns to growers at the national level from tolerant 101 
wheat varieties compared with returns that would have been achieved growing non-PHEF 102 
tolerant varieties. Costs are estimated as a sum of both fixed and variable costs involved in 103 
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the development and operation of breeding programs addressing PHEF tolerance. This 104 
information can be used to evaluate whether targeting PHEF tolerance is economically 105 
desirable within the Australian cropping context. 106 
 107 
2. METHODOLOGY 108 
 109 
2.1 Cost Benefit Analysis: An economic model  110 
 111 
Economic evaluation of improved PHEF tolerance requires a comparison of the cost of 112 
developing and commercialising PHEF tolerant wheat varieties and the potential benefits. As 113 
costs and benefits accrue at different points in time, the evaluation is based on comparing the 114 
Net Present Value (NPV), which is the present value of the sum of all future benefits and 115 
costs associated with PHEF-tolerant variety development after discounting at the chosen 116 
discount rate (e.g. usually 5% interest rates). A positive NPV results in profit, while a 117 
negative NPV results in a loss (Mushtaq et al., 2007).  118 
 119 
The analytical framework enables estimation of the threshold size of crop benefits at which 120 
breeding programs producing different levels of PHEF tolerance could be economically 121 
justified, including both direct and indirect benefits.  It also allows estimation of the threshold 122 
rate of yield improvement needed to justify a given amount of breeding expenditure. 123 
 124 
Generally, crop variety development programs, consist of a six stage process – discovery, 125 
proof of concept, early development, advanced development, pre-launch and market launch 126 
(Kalaitzandonakes et al., 2006; Langridge and Gilbert, 2008; Monsanto, 2009). We have 127 
modified the Monsanto model (see Monsanto, 2009 for detail) for this economic evaluation. 128 
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We adopted a four phase approach to the cost-benefit analysis for wheat development by 129 
merging the proof of concept and early development phases of the Monsanto scheme into 130 
step 1 of the current analysis and the pre-development and large scale seed production phases 131 
of the Monsanto scheme into step 4. Thus, the key steps in our analysis are: 132 
 133 
1. Discovery (identifying traits or genes);  134 
2. Early development (crossing and testing for frost tolerance expression);   135 
3. Advanced development (field plot trials to test yield potential of adapted material, 136 
testing for disease resistance and quality); and  137 
4. Large scale seed production to meet PHEF tolerance seed demand and commercial 138 
release. 139 
 140 
Mathematically, the Net Present Value (NPV) was calculated as: 141 
 142 
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Where,  145 
(1 3)s tC   is the fixed and variable costs of PHEF tolerance breeding options in year ‘t’ for the 146 
first three phases; 147 
 148 
(4)s tC  is the cost of release procedure, pre-launch and market launch, of PHEF tolerance 149 
variety in year ‘t’, for last phase; 150 
 151 
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tV  is the value of economic benefit of adopting PHEF tolerance  variety in year ‘t’;  152 
 153 
n  is the number of years needed for completing the PHEF tolerance breeding program (6 154 
years); 155 
 156 
m  is the number of years needed for the completion of the release process of PHEF wheat 157 
variety (4 years); 158 
 159 
f  is the useful life of the PHEF variety which is likely to be up to 20 years, and  160 
 161 
i  is the discount rate (5% unless otherwise specified) 162 
 163 
Similarly, the Internal Rate of Return (IRR) was calculated as: 164 
 165 
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 167 
The IRR is acceptable if it is greater than the minimum expected interest rate (which equals 168 
the discount rate) 169 
 170 
Also, Benefit Cost Ratio (BCR) was calculated as: 171 
 172 
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 174 
 175 
2.2 Estimation of benefits 176 
 177 
Benefits of PHEF tolerant varieties are yield and economic benefits (or impacts) owing to 178 
increased frost tolerance by changes in either (i) the frost-damage threshold temperature of 179 
the wheat genotype alone (direct impact) or (ii) both the frost-damage threshold temperature 180 
and the management strategies such as earlier sowing (direct plus indirect impact). The direct 181 
and direct plus indirect yield impacts were estimated for Australian wheat belt by Zheng et al. 182 
(2015) using an optimal yield approach. While the yield benefits by optimal yield approach 183 
can provide a good indicator of frost impacts, they are not necessarily corresponding to yield 184 
benefits by optimal profit approach. In the present work, we employed an optimal profit 185 
approach typically required by farmers which allows estimation of not only the yield benefits 186 
but also the ultimate economic benefits.    187 
2.2.1 Crop modelling for improved yield benefit assessment 188 
 189 
Wheat yield and Zadoks decimal phenological stages (Zadoks et al., 1974) were simulated 190 
using the APSIM 7.6 model (Holzworth et al., 2014) with a wheat phenology gene-based 191 
module (Zheng et al., 2013) and a frost impact module (Zheng et al., 2015). A brief summary 192 
of crop simulation procedures is presented here while details are given in Zheng at al. (2015); 193 
An-Vo et al. (2016, submitted).  194 
 195 
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For crop simulation, current elite Australian wheat varieties were considered to be affected by 196 
post-heading Stevenson screen temperature below a 0°C threshold (Zheng et al., 2015). To 197 
estimate the potential benefit of genotypes with improved tolerance, wheat crop simulations 198 
were conducted for the current (0°C, FT0) and a range of damage threshold temperatures 199 
from –1°C to –5°C (FT1 to FT5) representing wheat genotypes with different levels of 200 
improved PHEF tolerance. Total frost tolerance (FTtot) was also simulated, representing a 201 
virtual genotype that is insensitive to frosts of any temperature. For this study, crop 202 
simulations were conducted at 1 day intervals, commencing within a fixed sowing window 203 
based on current recommendations from 1 April to 30 June for 59 selected sites (Table S1) 204 
across the wheat belt representing 12 agro-ecological zones (Figure 1).  205 
 206 
Baseline nitrogen fertiliser application values used in the simulations varied with location and 207 
seasonal rainfall to reflect local farming practices (Table 1 of Chenu et al., 2013). To identify 208 
potential improvement in management practices when using frost-tolerant genotypes, 209 
simulations were also performed with additional potential levels of fertiliser ranging from 210 
+20 to +140 kg ha–1, with 20 kg ha–1 intervals, for the current and virtual frost-tolerant 211 
genotypes.  212 
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 213 
Figure 1.  Most of the Australian cereals cropping area was represented by the 12 major 214 
agro-ecological cropping zones in this study.  215 
 216 
2.2.2 Conceptualisation of direct and indirect economic benefits  217 
 218 
The conceptual framework considers economic benefits owing to increased frost tolerance by 219 
changes in either (i) the frost-damage threshold temperature of the wheat genotype alone 220 
(direct impact) or (ii) both the frost-damage threshold temperature and the management 221 
strategies such as earlier sowing and additional nitrogen fertilizer (direct plus indirect 222 
impact). Figure 2 shows the conceptual framework for assessing the direct and indirect 223 
economic benefits of improved frost tolerance. It is anticipated that improved PHEF tolerant 224 
varieties would allow greater economic benefits to be achieved by growers via reducing 225 
direct frost damage and allowing flexibility to plant earlier (and possibly adding more 226 
nitrogen). 227 
Gross margin analysis was employed to estimate the economic benefits of PHEF frost 228 
threshold resilience improvements. A gross margin distribution curve for PHEF tolerant 229 
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varieties can be shown for FT1 and FTtot, where FTtot is totally frost tolerant and FT1 is frost 230 
tolerant to –1°C (Figure 2). Point ‘a0’ in the current FT0 gross margin distribution shows the 231 
optimal gross margin that can be obtained by sowing at the optimal sowing time and using an 232 
optimal nitrogen level, taking into account frost risk. The gross margin would be increased 233 
with  improved PHEF tolerant varieties (for example FTtot in Figure 2) without changing 234 
management by retaining the sowing time used for baseline FT0 as indicated by point ‘atot’ 235 
shows. The gross margin difference between point ‘a0’ and point ‘atot’ is the direct economic 236 
benefit owing to total frost tolerance (FTtot).  It is noted that the optimal nitrogen level for the 237 
FTtot might be different from that for the FT0 (Figure 2) and hence there would be nitrogen 238 
effects in the direct economic benefit by the present estimation. However, this nitrogen 239 
effects were shown to be small (An-Vo et al., 2016 submitted) and can be ignored.  240 
With changes in management by varying the optimal sowing time and nitrogen level, the 241 
additional indirect economic benefits can be calculated by the gross margin difference 242 
between point ‘btot’ and point ‘atot’.  The total economic benefit can be calculated by the 243 
difference between point ‘a0’ and point ‘btot’.  244 
In the present analyses, the ‘baseline’ economic return refers to the economic return of 245 
current varieties (FT0), when sown at the optimum sowing date and using the optimal 246 
nitrogen application rates unless otherwise stated.   247 
 248 
 249 
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 250 
Figure 2. Conceptual framework for assessing the direct benefit and indirect benefit on profit 251 
improvement. Gross margin responses to sowing date (gross margin function) at optimised 252 
nitrogen application level are depicted for current cultivars (FT0), an improved frost tolerant 253 
genotype (FT1) and fully tolerant genotype (FTtot). Direct economic benefit corresponds to 254 
the gross margin difference for the current management practices used for FT0 are represented 255 
by a1 – a0 or atot – a0, where a0, a1 and atot represent the long-term-average gross margin that 256 
can be obtained for genotypes FT0, FT1, and FTtot, respectively, at the optimum sowing date 257 
for the reference genotype FT0. Indirect economic benefit related to earlier sowing date 258 
corresponds to the estimated profit gain achieved when adapting an earlier sowing date 259 
optimised for each of the considered genotypes with improved tolerance.  These are 260 
represented by b1 – a1 or btot – atot, where b1 and btot represent the maximum long-term-261 
average profit that can be obtained at optimal sowing time for genotypes FT1 and FTtot, 262 
respectively (adapted from An-Vo et al., 2016 submitted).  263 
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2.2.3 Economic assessment of direct and indirect yield benefits: An optimal profit 264 
approach 265 
 266 
A key component of the analysis was the integration of APSIM simulations with a gross 267 
margin function to achieve an optimal profit, based on sowing dates, additional nitrogen 268 
application and yield performance.  The present approach, which allows estimation of direct 269 
and indirect economic benefits associated with the direct and indirect yield benefits, is 270 
considered more useful for farmers than a maximum yield approach, presented by Zheng et 271 
al. (2015), which may not necessarily lead yield to maximum income for the farmer.    272 
 273 
For each location x sowing date combination (sowing simulated at a 1d intervals), an average 274 
yield was calculated for the 1957-2013 period – a total of 85 million simulations were 275 
performed. The mean yield distribution was obtained for each site by calculating the average 276 
yield at each sowing date for the whole sowing window (from 01-April to 30-June). The 277 
mean yield distribution or ‘yield function’ at each site was used to determine the gross 278 
margin function (Figure 2) and to identify the optimal sowing day corresponding to the 279 
maximum gross margin (profit) for current local cultivars (threshold of 0oC) and for frost 280 
tolerant virtual genotypes (threshold below 0oC). 281 
 282 
For each site, a generalised long-term mean gross margin (GM) function was used: 283 
 284 
  ( , , ) , , , ( , )GM st N FT f P Y st N FT X X st N       (4) 285 
 286 
Where st is sowing time from 1 April to 30 June; N is nitrogen additional to the current 287 
application for the current cultivar ( 0FT ) from 0 to 140 (kg ha
–1) in 20 kg ha–1 increments; 288 
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FT is frost tolerance level from 0FT  to totFT ; f is the revenue function; P  is wheat price 289 
(AUD  t–1); Y  is the wheat mean yield function obtained from the APSIM simulation (t ha–290 
1). The yield function of sowing time here is similar in concept to the production function 291 
(yield function of water use) as described in An-Vo et al. (2015a and 2015b); X is a sum of 292 
average input costs (without additional nitrogen cost), including costs associated with seed, 293 
fertiliser, crop protection, repair and maintenance (R & M), fuel, machinery, insurance and 294 
other costs and varying with agro-ecological zones (Table 1 of An-Vo et al., 2016 submitted); 295 
and ( , )X st N is the input cost as a function of long-term mean additional nitrogen applications 296 
and the sowing time. 297 
 298 
For each level of frost tolerance (FT1–5 and FTtot), two types of impact (benefit) were 299 
estimated (Figure 2): (i) a direct impact reflecting the direct frost damage with no change in 300 
management; and (ii) a direct plus indirect impact reflecting both the direct frost damage and 301 
the indirect effects from adaptation of sowing date. The Direct Benefits (DB) at site level in 302 
AUD ha–1, for example between FTtot and FT0, can be obtained by: 303 
 304 
        tot 0 tot 0DB FT max GM , ,FT max GM , ,FTs st N st N    (5) 305 
 306 
where 0st (Figure 2) is the optimal sowing time for a reference cultivar with the current frost 307 
tolerance level  (FT0) and an optimised additional N level, i.e. the sowing time is such that: 308 
 309 
     0 0 0GM , ,FT max GM , ,FTst N st N   (6) 310 
 311 
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The optimisation strategy in (6) was implemented in two steps. For each site x genotype 312 
combination, we firstly identified an optimal level of nitrogen application for which the 313 
corresponding long-term mean gross margin function then was optimised to identify the 314 
optimal sowing time (Figure 2).  315 
 316 
Similarly, the Indirect Benefits (IB) at site level in AUD ha–1, for example between FTtot and 317 
FT0, can be obtained by: 318 
 319 
     tot tot 0 totIB (FT ) max GM , ,FT max GM( , ,FT )s st N st N    (7) 320 
 321 
Net Benefits (NB) at site level in AUD ha–1 is a simple aggregation of direct plus indirect 322 
benefits: 323 
      tot tot totNB FT DB FT IB FTs s s    (8) 324 
 325 
At an agro-ecological zone level, we can estimate the corresponding Direct Benefits ( DBz ), 326 
Indirect Benefits ( IBz ) and Net Benefits ( NBz ) in AUD ha
–1 by 327 
 328 
  s tot
1
1
DB DB FT
n
z
sn 
    (9) 329 
 330 
  s tot
1
1
IB IB FT
n
z
sn 
    (10) 331 
 332 
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  s tot
1
1
NB NB FT
n
z
sn 
    (11) 333 
 334 
Where n is the number of sites in an agro-ecological zone. Finally, Total Net Benefits (TBN) 335 
at an agro-ecological zone in AUD is calculated by: 336 
 337 
  totTNB FT NBz z zS       (12) 338 
where 
zS is the historical average area of wheat crop from the zone (Table 2 of An-Vo et al., 339 
2016 submitted). 340 
 341 
For each frost tolerance level (FT1-tot), the DBs , IBs , and NBs for each site and the DBz , IBz , 342 
NBz , and TNBz  for each agro-ecological zone were estimated using the same steps as those 343 
described for FTtot above and in equations (5), (7-8), and (9-12), respectively. The summation 344 
of TNBz  at all 12 studied agro-ecological zones provided the total net benefit at national 345 
level.    346 
 347 
2.3 Estimation of potential improved post-head-emergence frost (PHEF) tolerance 348 
wheat seed demand  349 
 350 
Most farmers grow and store a proportion of their own seed for use in the following year 351 
(Heffer, 2001), but also purchase new good quality seed of existing or new varieties, with 352 
improved traits for their conditions. Farmers have a wide choice of wheat varieties, 353 
depending on the climatic conditions and a range of marketing options (DEPI Victoria, 354 
2012). Grain growers are generally a risk-averse group (Bond and Wonder, 1980; Ghadim 355 
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and Pannell, 2003); therefore it is likely that if improved frost tolerance could be achieved 356 
with little or no yield, disease or quality penalty, then the PHEF tolerance trait would offer an 357 
attractive choice for growers in frost prone regions when deciding on the adoption of a new 358 
variety.  359 
 360 
The demand for seed of a new wheat variety is difficult to estimate and depends on the 361 
adoption rate, which in turn is influenced by several technical, institutional, economical and 362 
sociological factors (FAO, 2002). To estimate the likely PHEF tolerant wheat seed demand 363 
across all Agro Ecological Zones (AEZs) of the Australian wheat belt, three key elements 364 
were considered (likely adoption rates, seeding rates and historical wheat area), assuming no 365 
change in the technical, institutional, economical and sociological factors. 366 
 367 
 The Australian wheat belt was divided into low (5% of regional seed demand), 368 
medium (M, 30% of regional seed demand) and high (H, 60% of the regional seed 369 
demand) seed demand zones based on the potential frost damage and expected 370 
benefits from adopting frost resistant varieties (see Zhang et al., 2015; An-Vo et al., 371 
2016 submitted). Based on these criteria and local knowledge, a potential PHEF 372 
tolerant wheat seed demand was estimated by an expert for each of the AEZs. Based 373 
on these criteria 5%, 30% and 60% seed demand rates were assigned to low, medium 374 
and high frost damage impact AEZs (Figure 3). 375 
 376 
 Different seeding rates are advised for different regions in Australia to allow for 377 
different environmental conditions. For example, seeding rates of about 40-60 kg ha–1 378 
are suggested in lower rainfall zones (up to 400mm annual rainfall) and about 80-90 379 
kg ha–1 in the higher rainfall zones (DEPI Victoria, 2012; DPI NSW, 2015; GRDC 380 
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2015). To estimate the overall PHEF tolerance seed demand, based on local 381 
recommendations, an average of 60 kg ha–1 is considered for this study. 382 
 383 
 An average of 35 years of historical data for wheat planted area, obtained from 384 
Australian Bureau of Statistics (ABS) across all AEZs, was used for potential wheat 385 
area estimates (see Figure 3).  386 
Figure 3.  Most of the Australian cereals cropping area was represented by the 12 major 387 
agro-ecological cropping zones in this study. Estimated regional potential for PHEF tolerance 388 
wheat seed demand, based on the potential frost damage and expected benefits from adopting 389 
frost resistant varieties, is indicated as zones of:  low PHEF seed demand (L, 5% of regional 390 
seed demand), medium PHEF seed demand (M, 30% of regional seed demand) zones and 391 
high PHEF seed demand (H, 60% of regional seed demand).  The Australian Northern Grains 392 
Region includes QLD Central, NSW North West (NW) – QLD South West (SW) and NSW 393 
North East (NE) – QLD South East (SE). The Southern Region includes NSW Central, NSW 394 
Agro-Ecological Zones 
QLD 
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Vic Slopes, SA Midnorth-Lower Yorke Eyre, SA Vic Bordertown – Wimmera and SA Vic 395 
Mallee. The Western Region includes WA Northern, WA Eastern, WA Central and WA 396 
Sandplain. 397 
 398 
 399 
2.4 Estimation of cost: Assumptions and parameters 400 
 401 
The major costs of PHEF tolerance breeding options, during the four stages (see section 2.1), 402 
depend on factors such as (i) capital costs including laboratory facilities, salaries for breeders, 403 
scientists and support staff, operational costs, small scale glasshouses and pot test facilities 404 
for early development, and large scale field testing; and (ii) meeting registration 405 
requirements, including IP, pre-launch and market launch, and commercial seed production to 406 
meet expected demand for PHEF tolerant wheat seed. For all four stages of the tested PHEF 407 
tolerance breeding program, both fixed and variable costs were considered.  Due to 408 
difficulties in obtaining robust data on costs, the estimates of costs were mainly obtained 409 
through market rates, where possible, published literature and discussions with experts in the 410 
area of wheat breeding (see appendix Table S2 in supplementary material).  The following 411 
assumptions were considered when deriving cost estimates: 412 
 413 
 Cost estimates assume no changes in the cost of labour used in PHEF tolerance 414 
breeding over the period of the analysis.  415 
 416 
 Advanced large scale field trails for yield testing of PHEF tolerant varieties and 417 
commercial seed production was assumed to be managed by contractors at a fixed 418 
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price (AUD 1,000 ha–1 yr–1) (estimate based on pers comm with the field trial experts 419 
at Kalyx; https://www.kalyx.com.au/). 420 
 421 
2.5 Other key assumptions  422 
 423 
Other key assumptions for the economic analysis include: 424 
 425 
 The relevant price for estimating benefits is the average farm gate price during last 10 426 
years over all AEZs, adjusted for CPI (AUD 230 t–1). Moreover, we assumed that 427 
changes in wheat production from new PHEF varieties are sufficiently small that they 428 
will not cause a fall in the world wheat price. Prices may in fact rise or fall but we 429 
assumed that this will not be due to the development of PHEF tolerant wheat. 430 
 431 
 Following Brennan and Bialowas (2001), who found that varieties are grown for 432 
approximately 17 years after release, our analysis assumes PHEF variety market life 433 
of 20 years except where otherwise stated. For comparison, analysis was also 434 
performed to determine the economic benefit for varieties in use for 10 and 15years. 435 
 436 
 In wheat breeding, there is a lag between the discovery and testing of traits and or 437 
genes of interest and the release of an improved variety. Lag periods averaging 438 
between 9 and 12 years have been reported (Brennan et al., 2004; GRDC, 2007; 439 
2011). For this study the adoption on farms is assumed to begin 10 years after the 440 
initial discovery. Sensitivity analysis was also conducted to estimate the impact of 441 
changes in the lag period between discovery and adoption of 6 and 12 years. 442 
 443 
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  The possibility of concurrent improvements in grain quality during the development 444 
of PHEF tolerant wheat varieties has been ignored in the current study. Wheat quality 445 
improvements have been reported with the introduction of new varieties over time 446 
(Brennan and Bialowas, 2001; Barlow et al., 2013). Brennan and Bialowas (2001) 447 
indicated that varietal change had led to an improvement in bread-making quality of 448 
wheat by 1.77% per year in the southern shires and 0.94% per year in the northern 449 
shires (where quality was higher at the start of the analysis period). However, there is 450 
no reason to anticipate that breeding for PHEF tolerance would necessarily lead to 451 
changes in quality. 452 
 453 
 An S-shaped sigmoid cumulative adoption curve was assumed. For PHEF tolerant 454 
wheat seed demand, the demand will begin slowly, accelerate rapidly owing to 455 
evidence of potential benefits and then slow after 4 years as demand for PHEF 456 
tolerant wheat seed will be realised, after large scale production. 457 
 458 
 An interest rate of 5% was employed in the economic modelling. However, interest 459 
rates of 3% and 10% were also examined in the sensitivity analysis. 460 
 461 
 It is likely that introduction of a PHEF tolerant wheat variety will lead to an 462 
expansion of wheat production in Australia, although this expansion may be 463 
counteracted by other factors (i.e. climate change). However, the modelling does not 464 
take into account any expansion of wheat cropping into frost-prone areas where wheat 465 
is not widely grown currently. 466 
 467 
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 In addition to the purchase price of seed, Australian growers pay plant breeders a 468 
small royalty on each tonne of grain of a registered variety delivered to grain handlers 469 
whether or not the seed was purchased new each year. This provides a return to 470 
breeders when on farm seed is retained for sowing. We have assumed that end point 471 
royalties paid on delivery of PHEF tolerant varieties would be similar to those for 472 
non-tolerant varieties and so should not have a net effect on farmer income. 473 
 474 
3. COST BENEFIT ANALYSIS: RESULTS AND DISCUSSION 475 
 476 
3.1 Estimation of direct and indirect yield benefits 477 
 478 
At present, reducing frost impact on wheat yield in PHEF-prone regions of Australia is 479 
achieved by adapting the sowing time to ensure that heading occurs after the main, mid-480 
winter frost risk period has passed (Zheng et al., 2012 and 2015). However, on the other 481 
hand, later sowing increases the risk of terminal drought and heat stress during grain filling, 482 
and consequently risk to reduce yields (Chenu et al., 2013; Richards et al., 2014; Zheng et al., 483 
2015).  484 
 485 
The simulated results suggest that, after removing the sensitivity of a genotype (FTtot) but 486 
retaining the current sowing times and fertilizer inputs to estimate the direct impact, an 487 
average yield increase of 0.27, 0.14, and 0.28 t ha–1 was achieved in the Northern, Southern, 488 
and Western regions, respectively (Figure 4). The highest increase in yield (0.51 t ha–1) was 489 
achieved in the WA Eastern AEZ (Figure 4).  However, after optimizing the sowing times for 490 
tolerant varieties and optimal nitrogen application rates – direct plus indirect impact – 491 
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additional yield benefits of 0.45, 0.14, and 0.19 t ha–1 were realised in the Northern, Southern, 492 
and Western regions, respectively (Figure 4). 493 
 494 
The yield increase resulting from different degrees of PHEF tolerance varied across the 495 
Australian wheat belt. In the Western region, most of the predicted benefits were gained by 496 
reducing the frost damage threshold from 0°C to just –2°C with no change in management 497 
(Figures 4 and S1). On the other hand, at certain AEZs in the Northern and Southern regions, 498 
yield was substantially further improved by frost tolerance to –3°C or –4°C, and extra yield 499 
improvement arose from the opportunity to exploit earlier sowing times and longer growing 500 
seasons (direct plus indirect impact, Figure S1). The greatest AEZ wide average yield impact 501 
was simulated in the NSW NW/QLD SW (1.15 t ha–1, representing a 68% increase) for total 502 
frost tolerance with adjusted sowing date (Figure 4). Noted also that the reductions of yield 503 
benefits at improved frost tolerant levels typically appeared at the QLD Central AEZ is a 504 
result of the present optimal profit approach. Management practices leading to an optimal 505 
profit might not result in an optimal yield (see Figure S2 for an example at Emerald). 506 
Similarly, at the national scale, mean yield across 85 million simulations increased by 7.7% 507 
for a –1°C frost tolerance (FT1) up to 10.8% for total frost tolerance (FTtot) for mid-maturing 508 
cultivars (direct impact) planted at the current locally optimum sowing date. The results also 509 
indicate that improved frost tolerance beyond –4°C resulted in little if any further yield gains 510 
in terms of direct frost impact. However, when the optimum sowing dates of the new 511 
genotypes were adjusted to reduce or avoid end-of season stresses such as heat and drought, 512 
yield increased by between 10.3% for –1°C frost tolerance and 20.3% for total tolerance 513 
(direct plus indirect impact). Therefore, adapting management practices (sowing times) 514 
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resulted in an additional yield advantage of 2.6 to 9.5% for –1°C and total tolerance, 515 
respectively. 516 
 517 
 Figure 4. Average direct (blue colour bars) and average direct plus indirect (gold colour 518 
bars) yield benefits (kg ha–1) of improved PHEF tolerance to –1oC (FT1), –2oC (FT2) and total 519 
tolerance (FTtot) based on optimal profit and optimal nitrogen use for the agro-ecological 520 
zones.  Additional results for improved PHEF tolerance to –3oC (FT3), –4oC (FT4), and –5oC 521 
(FT5) are presented in Figure S1. The Northern Region includes QLD Central, NSW North 522 
West (NW) – QLD South West (SW) and NSW North East (NE) – QLD South East (SE) 523 
AEZs. The Southern Region includes NSW Central, NSW Vic Slopes, SA Midnorth-Lower 524 
Yorke Eyre, SA Vic Bordertown – Wimmera and SA Vic Mallee. The Western Region 525 
includes WA Northern, WA Eastern, WA Central and WA Sandplain.  526 
 527 
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3.2 Estimation of regional direct and indirect economic benefits 528 
 529 
In Australia, frost events result in major economic loss through direct yield losses and 530 
indirect losses through driving a conservative sowing strategy (Frederiks et al., 2011 and 531 
2012; Zheng et al., 2015). The present optimal profit approach allows estimation of the direct 532 
and indirect economic benefits of PHEF tolerant varieties. The economic assessment is based 533 
on the last 30 years of historical farm financial data obtained through the ABS and ABARE. 534 
All the financial costs and prices data were converted to 2012 values using the Consumer 535 
Price Index (CPI). Estimates of regional direct and indirect economic benefits are provided in 536 
Figures 5 and S3.  537 
 538 
With regard to potential direct and direct plus indirect economic benefits, the economic 539 
results suggest average direct economic benefits of AUD 59, 38, and 60 ha–1 can be achieved 540 
in the Northern, Southern, and Western regions, respectively (Figure 5).  The highest average 541 
direct economic benefit (AUD 114 ha–1) was estimated in the WA Eastern AEZ.  However, 542 
after considering indirect benefits due to earlier optimal sowing dates, average direct plus 543 
indirect economic benefits of AUD 167, 79, and 111 ha–1 could be achieved in the Northern, 544 
Southern, and Western regions, respectively (Figure 5).  545 
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 546 
Figure 5.  Average economic benefits (AUD ha–1) at agro-ecological zones of improved 547 
PHEF tolerance to –1oC (FT1), –2oC (FT2) and total tolerance (FTtot) both direct (blue colour 548 
bars) and direct plus indirect (gold colour bars) based on optimal profit and optimal nitrogen 549 
use. Additional results for improved PHEF tolerance to –3oC (FT3), –4oC (FT4), and –5oC 550 
(FT5) are presented in Figure S3. Northern Region includes QLD Central, NSW North West – 551 
QLD South West and NSW North East – QLD South East. Southern Region includes NSW 552 
Central, NSW VIC Slopes, SA Midnorth-Lower Yorke Eyre, SA Vic Bordertown – 553 
Wimmera and SA Vic Mallee. Western Region includes WA Northern, WA Eastern, WA 554 
Central and WA Sandplain.  555 
 556 
With regard to economic benefits for various levels of PHEF virtual tolerant genotypes, the 557 
nationally average direct plus indirect benefits increased from FT1 (AUD 45 ha
–1) to FTtot 558 
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(AUD 112 ha–1).  However, there was not much difference between FT4 (AUD 107 ha
–1), FT5 559 
(AUD 110 ha–1) and FTtot (AUD 112 ha
–1).  Regionally, in the Western zones, especially WA 560 
Central and WA Eastern AEZs, considerably higher direct than indirect economic benefits 561 
were indicated when compared with other regions. In contrast to WA Central and WA 562 
Eastern AEZs, the Northern WA AEZ exhibited almost no direct benefits and indirect 563 
benefits. This is likely due to the generally low frost risk in this zone (Frederiks et al., 2011 564 
and 2012; Zheng et al. 2015).  565 
 566 
Aggregating the direct and indirect economic benefits, by means of using average historical 567 
wheat production areas of the AEZs, the results are presented in Figures 6 and S4. For 568 
example by planting an FT4 genotype (tolerant to –4oC) at the regional level an average 569 
economic benefit of AUD 436 million year–1, AUD 420 million year–1, and AUD 575 million 570 
year–1 are predicted in the Northern, Southern, and Western regions, respectively (Figure S4).  571 
Therefore, at the national level, for example by planting FT4 at the optimal sowing time, a 572 
total economic benefit of AUD 1,431 million year–1 could potentially be achieved (by 573 
aggregation of regional results on Figure S4). 574 
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 575 
Figure 6.  Estimation of direct (blue colour bars) and direct plus indirect economic benefits 576 
(gold colour bars) for each AEZ (AUD million AEZ–1) based on optimal profit and optimal 577 
nitrogen use for improved PHEF tolerance to –1oC (FT1), –2oC (FT2) and total tolerance 578 
(FTtot) with regards to agro-ecological zones (AEZs). 579 
3.3 Estimation of potential improved wheat frost tolerant seed demand 580 
 581 
Table 1 provides estimates of potential PHEF tolerant wheat seed demand. Assuming no 582 
change in technical, institutional, economical and sociological factors, the estimated national 583 
demand for PHEF tolerant wheat seed is estimated at 303,281 t year–1.  Based on the demand 584 
assessment criteria (as described in section 2.3) WA Central (78,318 t year–1), NSW NE/QLD 585 
SE (43,271 t year–1) and WA Eastern (36,924 t year–1) are likely to have the highest PHEF 586 
tolerant wheat seed demand. Based on potential PHEF tolerant seed production  of 5.0 t ha–1, 587 
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assuming good soil fertility and unrestricted water access, 60,656 ha may be required (over 588 
20 years) for seed production to meet PHEF tolerant wheat seed demand.   589 
 590 
Table 1: Estimation of potential frost tolerant wheat seed demand across all Australian 591 
AEZs. 592 
Agro Ecological Zones (AEZs) 
Average area 
(ha) 
Potential for 
adoption  
(% of area 
planted) 
Potential area under 
frost tolerant 
variety (ha) 
Potential seed 
demand 
(tonnes)* 
QLD Central 187,669 Low, 5% 9,383 563 
NSW NE/QLD SE 1,201,981 High, 60% 721,189 43,271 
NSW NW/QLD SW 716,955 High, 60% 430,173 25,810 
NSW Vic Slopes 925,978 High, 60% 555,587 33,335 
NSW Central 975,456 High, 60% 585,273 35,116 
SA Vic Bordertown-Wimmera 551,011 Med, 30% 165,303 9,918 
SA Midnorth-Lower Yorke Eyre 671,527 Low, 5% 33,576 2,015 
SA Vic Mallee 1,592,250 Med, 30% 477,675 28,661 
WA Sandplain 265,389 Low, 5% 13,269 796 
WA Central 2,175,496 High, 60% 1,305,298 78,318 
WA Eastern 1,025,677 High, 60% 615,406 36,924 
WA Northern 786,777 Low, 5% 39,339 2,360 
Total* 11,076,166  5,054,690 303,281 
*The total demand for PHEF wheat seed was estimated by aggregating potential seed PHEF wheat demand of 593 
each AEZ. Potential demand of each AEZ was estimated by (seed rate =60 kg ha–1 x potential adoption rate x 594 
average wheat area/1000) – section 2.3. 595 
3.4 Cost Estimates for wheat breeding options for PHEF tolerance  596 
 597 
Cost data for breeding programs are hard to obtain, perhaps due to the commercial nature of 598 
the breeding businesses.  Cost estimates used here are derived from published information on 599 
market rates, unpublished literature and discussions with experts in wheat breeding.  Table 2 600 
provides a summary of values used for total fixed and variable costs of breeding programs 601 
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associated with different phases of PHEF tolerance breeding options.  Seed production costs 602 
are based on estimated national PHEF tolerant wheat seed demand (see section 3.3).  Detail 603 
of total fixed and variable costs, and associated assumptions, are provided in the 604 
supplementary material (Table S2).   605 
 606 
The fixed costs of a PHEF tolerant breeding program are mainly associated with construction 607 
or lease of laboratory and glasshouse facilities, laboratory equipment and seed storage and 608 
fixed costs of land development and management (small and large scale field trials managed 609 
usually via contractors).  610 
 611 
The total estimated fixed costs of discovery and testing, advanced development and large 612 
scale field experiments, and large scale seed production to meet PHEF tolerance seed demand 613 
were AUD 3.30 million, AUD 0.34 million, AUD 16.0 million, and AUD 1,273 million, 614 
respectively (Table S2).  The estimated costs for large scale seed production largely depend 615 
on the estimated PHEF tolerant wheat seed demand.  616 
 617 
The total estimated variable costs (mainly associated with salaries of scientists, support staff, 618 
admin staff and laboratory consumables) for stage one to four are AUD 0.52 million, AUD 619 
0.72 million, AUD 2.16 million and AUD 24.40 million, respectively (Table S2).  On average 620 
about AUD 1.2 million year–1 will be required to run a PHEF tolerant breeding program after 621 
advanced development and large scale field experiments (Stage 3). 622 
 623 
Table 2: Estimated total fixed and variable costs associated with PHEF tolerance breeding 624 
program.  Further details are provided in supplementary Tables S2. 625 
Stage Major phases of PHEF tolerance breeding Total estimated costs* of PHEF 
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program tolerance breeding options (for the 
entire program) 
(AUD  million) 
Fixed costs Variable costs 
1 Discovery of PHEF  AUD 3.30 AUD 0.52 
2 Test for PHEF tolerance early 
development  AUD 0.34 AUD 0.72 
3 Advanced PHEF tolerance development  AUD 16.00 AUD 2.16 
4 Large scale seed production to meet 
PHEF tolerant seed demand  AUD 1273.10 AUD 24.40 
Source: Authors’ estimate. 626 
*Please see supplementary material for more details of costs estimate under each stage. 627 
 628 
3.5 Cost Benefit Analysis value of various degrees of improved PHEF tolerance 629 
breeding options for varieties with varying periods of market life  630 
 631 
The results of the baseline economic analysis, against which sensitivity analysis was 632 
conducted, are presented in Figure 7. The economic benefits to growers for PHEF-tolerance 633 
breeding options for virtual tolerant genotypes were compared with the current varieties 634 
(FT0), when sown at the optimum sowing date and using the optimal nitrogen application 635 
rates for all the current and frost tolerant varieties, with market life periods of 10, 15 or 20 636 
years. Taking the discount rate as 5% and estimated demand for PHEF-tolerant wheat seed as 637 
outlined in section 2.3, all economic indicators (NPV, IRR, BCR) suggest that investment in 638 
PHEF-tolerance breeding options, across all frost tolerant variety options (FT1 to FTtot), 639 
would be highly economically viable. The estimated returns on investment would be 640 
substantial, and certainly higher than many alternative uses of the investment. 641 
 642 
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The results indicate that NPV increases with improved levels of PHEF tolerance. For 643 
example NPV of fully PHEF tolerant wheat seed variety (FTtot) when considering 20 years of 644 
PHEF-tolerant variety life  would be AUD 4,841 million which is AUD 2,684 million higher 645 
than the NPV of FT1 (AUD 2,157 million) (Figure 7a). However, the difference in NPVs 646 
between FT4, FT5 and FTtot were small (Figure S5a).   647 
 648 
Figure 7: Economic evaluations of wheat breeding for FT1, FT2 and FTtot (results for various 649 
degrees of improved PHEF frost tolerance can be found in Figure S5): (a) Net Present Value 650 
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(NPV); (b) Internal Rate of Return (IRR); and (c) Benefit Cost Ratio (BCR); for variety 651 
market durations of 10, 15 and 20 years.   652 
 653 
The IRR also suggest strong economic returns on investment (Figure 7b). However, IRR was 654 
less sensitive with regards to PHEF frost tolerance variety life.  655 
 656 
The BCR also suggests an attractive profit. For example, the BCR of complete PHEF-tolerant 657 
genotype (FTtot) indicated that every dollar spent could lead to up to an AUD 9.29 return, 658 
over a 20 year PHEF-tolerant variety life (Figure 7c).   659 
4. SENSITIVITY ANALYSIS 660 
 661 
Sensitivity analysis was conducted to test the robustness of the economic analysis by 662 
systematically changing the values of key cost and benefit parameters. Sensitivity analyses 663 
were performed using a 5% discount rate, with all parameters other than the parameter for 664 
which sensitivity was being tested held at their base.  An exception was made for the final 665 
sensitivity analysis where variations in discount rate were tested keeping all other variables 666 
constant. The results are mainly discussed using NPV as an evaluation criterion except for 667 
section 4.4 where variation in the discount rate is examined. 668 
 669 
4.1 Change in the improved PHEF tolerant variety wheat seed demand (+/– 670 
25%) 671 
 672 
Changes in the NPV were modelled for scenarios where the national demand for PHEF 673 
resistant seed is either 25% more or 25% less than that calculated in Section 2.3, for example 674 
if the area sown varies by this amount (also see Table 1).  For simplicity in this analysis, it 675 
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was assumed that all PHEF seed planted over the estimated demand area (Table 1) would be 676 
purchased from breeding companies each year. However, farmers will often retain seed for 677 
sowing the following year as discussed below (Section 4.2). Figures 8 and S6 shows the 678 
results of sensitivity analysis when demand for seed varieties changes by +/–25%. With 679 
either 25% increase or 25 % decrease in the PHEF-tolerant variety seed demand the 680 
investment is still profitable. In case of increase in the PHEF tolerant variety seed demand the 681 
NPV increased considerably across all (FT1 to FTtot) frost tolerant breeding options (Figures 682 
8a and S6a). With a decrease in the PHEF tolerant variety seed demand, the return from the 683 
investment reduced substantially, however, NPV remains positive for all scenarios indicating 684 
that investment would still be profitable (Figures 8b and S6b).  685 
 686 
 687 
Figure 8: Net Present Value (NPV) of FT1 and FTtot with changes in the seed demand (results 688 
of various degrees of improved wheat frost tolerance breeding options can be found in Figure 689 
S6); (a) 25% increase in the PHEF seed demand and (b) 25% decrease in the PHEF seed 690 
demand. The green, blue and gold colour bars show the baseline economic estimates for 691 
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variety market durations of 10, 15 and 20 years, respectively (presented in Figure 7a) against 692 
which results for demand scenarios (corresponding transparent bars) can be compared.  693 
 694 
 695 
4.2 Change in the improved PHEF tolerant variety wheat seed replacement 696 
 697 
The baseline economic assessment above assumes that wheat PHEF tolerant variety seed will 698 
be replaced every year. However, wheat farmers may want to retain seed to plant in 699 
subsequent years.  Seed replacement rates describes the frequency with which farmers 700 
purchase new seed versus how often they plant retained seed (Heffer, 2001).  It has been 701 
reported (Heffer, 2001) that in Australia about 12.5% of the total harvested wheat area (about 702 
13.05 million ha) purchases seed annually. 703 
 704 
To cater for seed replacement, three PHEF tolerant variety seed replacement scenarios – seed 705 
replacement every 2, 4 and 8 years – were estimated based on the total seed demand 706 
calculated in Section 2.3 (also see Table 1) to assess changes in NPV.  Figure 9 (and 707 
supplementary Figure S7) shows the results of sensitivity analysis at different PHEF wheat 708 
seed replacement rates.  The sensitivity analysis indicates that retaining seed for longer 709 
periods up to 8 years leads to a greater NPV for the industry. This is mainly owing to 710 
reduction in PHEF seed production costs while realising corresponding yield increase 711 
benefits.  712 
 713 
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 714 
Figure 9: Net Present Value (NPV) of FT1 and FTtot with improved wheat frost tolerance 715 
breeding options, with replacement of PHEF seed rate (results for various degrees of 716 
improved wheat frost tolerance breeding options can be found in Figure S7): (a) replacement 717 
of PHEF wheat seed after 2 years; (b) after 4 years; and (c) after 8 years. The green, blue and 718 
gold colour bars show the baseline economic estimates for variety market durations of 10, 15 719 
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and 20 years, respectively (presented in Figure 7a) against which results for replacement 720 
scenarios (corresponding transparent bars) can be compared.  721 
 722 
4.3 Change in the wheat farm gate price (+/–25%) 723 
 724 
Changes in the net value of wheat when leaving the farm (farm-gate prices) will influence the 725 
expected NPVs for PHEF tolerant variety development options when compared with the 726 
baseline price level of AUD 230 t–1 (Section 2.5). Figures 10 and S8 show the results of 727 
sensitivity analysis when wheat farm gate price changes by +/–25%. In the situation when 728 
farm gate price increases by 25%, compared with baseline, the investment would yield 729 
considerably higher returns, as indicated by NPVs across all levels (FT1 to FTtot) of frost 730 
tolerant options (Figures 10a and S8a). On the other hand, 25% decrease in the farm gate 731 
prices would make investment in a PHEF tolerant program slightly less attractive but still 732 
feasible (Figures 10b and S8b). 733 
 734 
 735 
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Figure 10: Net Present Value (NPV) of FT1 and FTtot with changes in the farm gate price 736 
levels (results for various degrees of improved wheat frost tolerance breeding options can be 737 
found in Figure S8); (a) 25% increase in the farm gate prices and (b) 25% decrease. The 738 
green, blue and gold colour bars show the baseline economic estimates for variety market 739 
durations of 10, 15 and 20 years, respectively (presented in Figure 7a) against which 740 
alternative farm gate price scenarios (corresponding transparent bars) can be compared. 741 
 742 
4.4 Change in the timing of the net benefits stream starting earlier (+2 years) or 743 
later (–2 years) 744 
 745 
Changes in the lag between the benefits streams and the discovery and testing of frost 746 
tolerance will affect returns. This delay can have considerable impacts on the viability of the 747 
investment. Figures 11 and S9 show the results of a sensitivity analysis when the rate of 748 
adoption is either increased or decreased such that the benefits stream commences either 2 749 
years earlier or 2 years later than the base estimate (of 10 years). The results show, compared 750 
with baseline, earlier release of the PHEF tolerant wheat seed varieties will result in earlier 751 
realisation of the income stream, and would result in considerably higher benefits (Figures 752 
11a and S9a). For a 2 year delay, while benefits reduced substantially, the investment is still 753 
feasible (Figures 11b and S9b). 754 
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 755 
 756 
Figure 11: Net Present Value (NPV) of FT1 and FTtot with changes in the net benefits 757 
streams (results for various degrees of improved wheat frost tolerance breeding options can 758 
be found in Figure S9); (a) benefits delayed by 2 years and (b) benefits advanced by 2 years. 759 
The green, blue and gold colour bars show the baseline economic estimates for variety 760 
market durations of 10, 15 and 20 years, respectively (presented in Figure 7a) against which 761 
scenarios economic values (corresponding transparent bars) can be compared. 762 
 763 
4.5 Change in the interest rate (3% and 10%) 764 
 765 
The interest rates play a critical role in determining the returns from a PHEF tolerant 766 
breeding program. Higher interest rates will make investment in PHEF tolerant breeding 767 
programs less attractive while lower interest rates will result in more attractive financial 768 
returns.  The NPVs of PHEF tolerant breeding program options in response to changes in the 769 
interest rates are presented in Figures 12 and S10. Although a higher interest rate of 10% 770 
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makes investment somewhat less attractive, the returns remain feasible (Figures 12b and 771 
S10b). On the other hand reduction of interest rate from the base line 5% to 3% will make 772 
PHEF tolerant breeding wheat programs more viable (Figures 12a and S10a).  773 
 774 
 775 
Figure 12: Net Present Value (NPV) of FT1 and FTtot with changes in the interest rates 776 
(results for various degrees of improved wheat frost tolerance breeding options can be found 777 
in Figure S10); (a) decrease in interest rate at 3% and (b) increase in interest rate at 10%. The 778 
green, blue and gold colour bars show the baseline economic estimates for variety market 779 
durations of 10, 15 and 20 years, respectively (presented in Figure 7a) against which 780 
changing interest rate scenarios (corresponding transparent bars) can be compared. 781 
 782 
4.6 Change in the fixed costs (+/–25%) 783 
 784 
Cost structures can change noticeably overtime which can impact the financial outcomes of a 785 
PHEF tolerant wheat breeding program. Sensitivity of the baseline economic values have 786 
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been analysed by changing fixed costs (see in Table 2) by +/– 25% (Figures 13 and S11). 787 
Change in fixed costs does not impact the financial returns significantly. With either a 788 
decrease or an increase of fixed cost by 25% frost tolerant breeding programs returns exhibit 789 
relatively modest change when compared to the overall values.  For FT1 to FTtot, estimated 790 
returns increased by approximately AUD 150 million with decrease in fixed cost (Figures 13a 791 
and S11a) or decreased by a similar amount with increased fixed costs (Figures 13b and 792 
S11b).  793 
 794 
 795 
Figure 13: Net Present Value (NPV) of FT1 and FTtot with changes in the fixed costs (results 796 
for various degrees of improved wheat frost tolerance breeding options can be found in 797 
Figure S11); (a) increase in the fixed cost by 25% or, (b) increase in the fixed cost by 25%. 798 
The green, blue and gold colour bars show the baseline economic estimates for variety 799 
market durations of 10, 15 and 20 years, respectively (presented in Figure 7a) against which 800 
changed fixed costs scenarios (corresponding transparent bars) can be compared.   801 
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 802 
 803 
5. CONCLUSION  804 
 805 
Our analysis suggests that, if it were possible to breed wheat varieties with improved PHEF 806 
tolerance, the aggregated improvement in farmer returns would greatly exceed the cost under 807 
most scenarios tested. Farmer returns would be increased owing to direct benefits from 808 
reduced direct frost damage and owing to an indirect effect of changes in sowing date and 809 
fertilizer application. Results suggest that at the national level, up to a 20.3% yield 810 
improvement, including both direct (10.8%) and indirect (9.5%) effects, could be achieved 811 
from the breeding of frost tolerant lines if genetic variation can be found. Consequently, 812 
economic modelling results indicate that a benefit of up to AUD 135 ha–1 is possible with 813 
fully frost tolerant (FTtot) varieties and up to AUD 130 ha
–1 with varieties of 4°C more frost 814 
tolerant (FT4) depending on the AEZs.  Australia could potentially reap a total economic 815 
benefit of AUD 1,431 million year–1 if frost tolerant wheat to –4°C (FT4) was available to 816 
growers.  817 
At the national scale, the yield and economic benefits increased with the potential improved 818 
frost tolerant levels.  The direct yield benefits varied from 7.7% for a –1°C frost tolerance 819 
(FT1) up to 10.8% for total frost tolerance (FTtot). The direct plus indirect yield benefits 820 
ranged from 10.3% for –1°C frost tolerance and 20.3% for total tolerance. As a result, the 821 
direct plus indirect economic benefits increased from FT1 (AUD 45 ha
–1) to FTtot (AUD 112 822 
ha–1). The results also indicate that improved frost tolerance beyond –4°C resulted in little if 823 
any further yield gains in terms of direct frost impact. There was also not much difference in 824 
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economic benefits between FT4 (AUD 107 ha
–1), FT5 (AUD 110 ha
–1) and FTtot (AUD 112 825 
ha–1).   826 
Regionally, the effect of improved frost tolerance and associated changes in management 827 
varied.  In the Western zones, especially WA Central and WA Eastern AEZs, the improved 828 
frost tolerance directly enhanced profits. On the other hand, at certain AEZs in the Northern 829 
and Southern regions, profits were also remarkably increased, arising from the opportunity to 830 
exploit earlier sowing times and longer growing seasons.  831 
Benefit Cost Analysis results, expressed as NPV, IRR, and BCR all suggest that investment 832 
in PHEF tolerant breeding options (from FT1 to FTtot) would be an economically viable 833 
opportunity. The returns are attractive, especially when compared with the prevailing interest 834 
rate. The results indicate that NPV increases with the enhancement in PHEF resilience.  The 835 
NPV to growers of fully frost tolerant conventional variety (FTtot) was estimated at AUD 836 
4,841 million, when considering 20 years of variety life.  A sensitivity analysis was 837 
conducted to test the robustness of the economic analysis by systematically changing the 838 
values of key benefit parameters. While the results of the sensitivity analysis show that NPV 839 
are sensitive to changes in farm gate price, interest rates, seed replacement and seed demand, 840 
the investment are still economically viable for all PHEF tolerant breeding options examined.  841 
 842 
Based on comparative economic benefits, if the breeders were able to develop PHEF tolerant 843 
varieties that could withstand cold temperatures as low as –4 °C below the current threshold, 844 
the investment on the PHEF tolerant breeding program would be highly attractive. While this 845 
paper does not address the feasibility of finding and incorporating PHEF tolerance genes into 846 
varieties adaptable to all Australian production environments, the analysis indicates that the 847 
search for such tolerances has high potential returns. 848 
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